Abstract. We present an analytical bond-order potential for the Fe-O system, capable of reproducing the basic properties of wüstite as well as the energetics of oxygen impurities in α-iron. The potential predicts binding energies of various small oxygen-vacancy clusters in α-iron in good agreement with density functional theory results, and is therefore suitable for simulations of oxygen-based defects in iron. We apply the potential in simulations of the stability and structure of Fe/FeO interfaces and FeO precipitates in iron, and observe that the shape of FeO precipitates can change due to formation of well-defined Fe/FeO interfaces. The interface with crystalline Fe also ensures that the precipitates never become fully amorphous, no matter how small they are.
Introduction
Iron and different types of steels belong to the most widely used materials in modern society. New types of radiation-resistant iron alloys, such as oxidedispersion-strengthened (ODS) steels, are continuously being investigated as possible candidates for future fusion and fission reactor materials [1] . In ODS steels, small nano-sized Y-Ti-O particles are allowed to precipitate within the steel matrix, leading to enhanced high-temperature mechanical properties and radiation tolerance [1, 2] . The compositions and crystal structures of the oxide nanoparticles, as well as the interfaces they form with the steel matrix, are still actively debated research topics [2, 3, 4] . The mobility and clustering of oxygen in the steel is essential for understanding the precipitation and growth process of the nanoparticles, a topic that can be aided by insights from atomistic simulations.
Much of what is known about the behaviour of oxygen in iron has been obtained by density functional theory (DFT) calculations [5, 6, 7, 8, 9, 10] . However, modelling of precipitation growth or long-range diffusion and clustering of point defects, for example, require computationally more efficient methods. Larger scale atomistic simulations, such as molecular dynamics (MD) or various Monte Carlo methods, rely on the use of an interatomic potential for describing the interactions between the individual atoms.
For the Fe-O system, Aryanpour et al. have parametrised a reactive force field (ReaxFF) that is capable of reproducing the thermodynamics of the common iron oxides [11] . However, no Fe-O many-body potential has to our knowledge been fitted primarily for large-scale simulations of oxygen impurities in iron.
In this study, we present an analytical bond-order potential (ABOP) for the Fe-O system. Existing parameter sets are used for the elemental interactions Fe-Fe [12, 13] and O-O [14] , and only the Fe-O parameter set is developed here. The Fe-Fe ABOP, providing the basis of the Fe-O parametrisation developed in this study, correctly reproduces the α−γ−δ phase transition and has been extensively applied in simulations of e.g. collision cascades [13] , stretching of nanowires [15] , and as a basis for other iron compound potentials [16, 17, 18, 19] .
The rest of the article is structured as follows. In section 2, the functional form of the potential is briefly presented. The properties of the stable iron oxides and oxygen solutes in iron are then reviewed to gather a database for fitting and testing of the Fe-O potential. In section 3, we discuss and compare the fitted properties to experimental and ab initio data. We then present results of further testing of the potential by calculating properties not included in the fitting process. Finally, we apply the potential in a study of FeO/Fe interfaces and FeO nanoparticles embedded in iron.
Methods

Computational details
The interatomic potential was numerically fitted using the code tulip [20] .
Molecular dynamics (MD) simulations were carried out with lammps [21] and parcas [22, 23] .
Structure optimisations, defect energies, and phonon dispersions were calculated using ase [24] and lammps.
Density functional theory (DFT) calculations were carried out using VASP [25] . The implementation uses the projector augmented-wave method [26] with the GGA-PBE exchange-correlation functional [27] . The calculations were done using spin-polarisation. Careful convergence checks were performed to find suitable energy cutoffs and k-point densities. For the final calculations, we used a 17×17×17 k-point mesh for the FeO primitive unit cell The plane-wave cutoff energy was 800 eV. A Gaussian smearing of 0.2 eV was applied to help the convergence.
Potential formalism
The concept of bond order in interatomic potentials as discussed by Abell [28] , was first utilised in empirical many-body potentials by Tersoff [29, 30] for covalently bonded materials [31, 32] . The analytical bond-order potential (ABOP) formalism used in this work is similar to the Tersoff potential, but slightly rewritten and extended in a form similar to that of Brenner [33] . Despite being originally developed for covalently bonded materials, the bond-order potentials are fundamentally related to the embedded atom method potentials [34, 35] developed for metals [36] . Consequently, the ABOP has, in addition to purely covalent materials, also been successfully applied to a wide range of differently bonded compounds, including partly ionic metal oxides [14, 37] .
The ABOP formalism has been presented in detail previously [38, 39] , and is only shortly summarised below.
The total potential energy in the ABOP is given as a function of the interatomic distance r ij by (1) where the repulsive and attractive pair functions are the Morse-like potentials
D 0 and r 0 are the dimer bond energy and length, and β and S are fitting parameters controlling the shape of the pair potential. The interaction range is restricted by the cutoff function, which drives the potential smoothly to zero in the range R−D to R+D, according to
The bond-order function incorporates the many-body dependence and is written in the symmetric form
where
Furthermore, the effective coordination number is calculated as
where the angular function is given by
The sensitivity of the angular dependence is tuned by the parameters c ik and d ik . The optimal angle θ ijk between atoms ijk is set by the parameter h ik , at which the angular function reaches a minimum (given by the value of γ ik ). The three-body α ijk parameters are in some versions of the potential replaced by the two-body parameter 2µ ik , which in many cases is set equal to zero. Using non-zero α ijk values enables the dependence on the relative bond distances between the three atoms ijk, which for some compounds is desirable. Similarly, ω ijk are often set equal to one for all atom triplets ijk, but can be modified if rescaling the two-body γ ik parameter for specific ijk interactions is necessary. The formalism does not explicitly include any magnetic interactions, but properties sensitive to magnetism can still be reproduced by careful tuning of the above parameters, as shown in Ref. [12] . Recently, there has also been progress on including magnetic contributions in bond-order potentials for iron [40, 41] .
In simulations of high-energy events, such as collision cascades, the repulsive part of the potential must be modified to give a more accurate behaviour at short interatomic distances. The standard approach is to join the universal repulsive Ziegler-BiersackLittmark potential [42] , V ZBL (r ij ), with the original potential V ij as
Here, F (r) is the Fermi function
The parameters b f and r f are chosen so that the equilibrium properties of all relevant structures remain nearly unchanged. [43] .
Wüstite (Fe 1−x O) crystallises into an irondeficient rocksalt structure. The value of 1 − x in Fe 1−x O ranges from 0.83 to 0.95 [44] . Stoichiometric FeO is not stable at low pressures. The lattice parameter is 4.28−4.33Å, depending on the iron vacancy concentration [44] .
The effect of nonstoichiometry, i.e. the deviation of x from zero, has been shown to strongly affect the elastic properties. The bulk modulus of wüstite has been extensively studied experimentally and is fairly insensitive to the non-stoichiometry in the range 0.90 < 1 − x < 0.98, which represent typical experimental samples. In that range, the reported values for the bulk modulus are around 144−152 GPa [45] . However, motivated by much higher theoretically predicted values for stoichiometric FeO, Zhang found that samples with 1− x ≈ 0.99 have a bulk modulus significantly higher (175 GPa) than for typical values of 1 − x [45] . The effects of non-stoichiometry on the elasticity is important to keep in mind when gathering experimental reference data for the potential fitting database, as we only consider stoichiometric FeO in the numerical fitting. [49, 50, 51] .
Reference values for the cohesive or formation energies of the different phases can be obtained from the experimental enthalpies of formation (measured at room temperatures). At normal pressures, the enthalpy is approximately the same as the internal potential energy, H = U +P V ≈ U . In the formation of a compound A m B n , the relation between the cohesive and formation energies is
where E p (A m B n ) is the potential energy of A m B n , and E coh the cohesive energies of the ground states of A and B. The formation and cohesive energies for the different iron oxides, together with the other structural and mechanical properties, are given in table 1 and used in the fitting of the potential.
Oxygen defects in α-Fe
First-principles calculations of oxygen defects in iron have been carried out in a number of studies [52, 7, 53, 54, 5, 6] . A database for defect properties for fitting and testing of the Fe-O potential can therefore be constructed from the literature. For oxygen atoms in α-Fe, the octahedral interstitial site is preferred over tetrahedral sites, with both being strongly favoured over a substitutional lattice site. The formation energies for the different oxygen point defect sites, compiled from the literature, are given in table 1. Oxygen has a low solubility in defect-free iron, but it has been shown that the presence of vacancies in the iron lattice strongly affects the solubility and mobility of oxygen [52] . Compared to other solutes, oxygen atoms form strong bonds with nearby vacancies in iron. The vacancy concentration therefore essentially controls the solubility of oxygen, allowing the oxygen concentration to reach that of the vacancies by forming oxygenvacancy (O-V ) bonds [52] . The strong O-V bonds also significantly reduce the mobility of interstitial oxygen solutes. Octahedral oxygen atoms in a vacancy-free iron lattice migrate to another octahedral site, passing through the tetrahedral site with a migration barrier of 0.48−0.60 eV [52, 7, 53] . If, however, the oxygen atom has a nearest-neighbour vacancy, the O-V pair has been shown to migrate together as a pair in a twostep process [52] . The vacancy then first moves to a nearby lattice site, after which the oxygen atom quickly reconnects with the vacancy at its nearest-neighbour octahedral site. The energy barrier for this two-step O-V migration is significantly higher (1.55 eV [52] ) than for single oxygen migration in a perfect iron lattice. The binding energy of the O-V pair has also been calculated for bond lengths longer than the first nearest-neighbour distance, and was found to be significantly strong also for second nearest-neighbour distances [7, 53] . Additionally, the binding energies and diffusion mechanisms for clusters with multiple vacancies or oxygen atoms (V n O m ) in iron have been recently studied in first-principles calculations [5, 6] .
The substantial amount of available experimental and ab initio data provides a good database for guiding the fitting of the ABOP parameters. The data used in the fitting process are given in table 1. The parameters of the Fe-Fe and O-O potentials were kept fixed according to the values given in [12, 13, 14] .
Results and discussion
Fitted properties
The Fe-O parameters were fitted with the main goal of achieving a good description of the oxygen point defects in α-Fe. The predicted properties of the different iron oxides and single oxygen defects with the best parameter fit are given in table 1. The fitted parameters are given in tables 2-3.
The formation energies of the single oxygen defects in α-Fe and the structural properties of FeO (wüstite) are well reproduced by the ABOP. Due to the experimentally observed differences in the properties of different degrees of non-stoichiometry in Fe 1−x O, as discussed previously, we calculated the lattice constant and formation energy of ideal FeO with DFT. The obtained lattice constant and formation energy of FeO are both the same as the experimental Fe 1−x O data, which could therefore be used as fitting targets for FeO.
A good description of the oxygen defects and the wüstite phase was favoured over the more oxygenrich magnetite and hematite structures. The latter structures proved to be challenging to stabilise within the ABOP, partly due to the range of the underlying Fe-Fe potential.
In all three iron oxides, the shortest Fe-Fe bonds are within the cutoff radius of the Fe potential, so that pure iron interactions always contribute to the total potential energy of the oxide structures. We found that these contributions are disproportionally different between the oxide structures. The potential energy contribution from Fe-Fe bonds in the high-coordinated wüstite structure is significantly greater than in the lower-coordinated (in terms of Fe-Fe bonds) magnetite and hematite structures.
The consequence is that the bond energies from Fe-O interactions required to reproduce the experimental cohesive energies also become disproportionally different, so that, for example, fitting the ABOP to the dimer and wüstite energies and bond lengths would severely underestimate the Fe-O bond strengths in hematite and magnetite, and vice versa. As a compromise to partly compensate for this effect, the bond energy of the Fe-O dimer was allowed to increase to values well above the reference value during the fitting routine. Additionally, the three-body α ijk and ω ijk were included in the fitting process to partly compensate for the effects of the Fe-Fe interactions. Nevertheless, achieving a good description of the oxygen-rich magnetite and hematite phases was not possible (without modifying the pure Fe-Fe potential), but was accepted in favour of good properties for oxygen-based defect structures in pure iron. For more details about the fitting strategy, see Ref. [39] .
The cutoff value of the Fe-O interactions was chosen to be between the first and second nearest Fe-O neighbours in wüstite. In both hematite and magnetite, this range includes the second nearest neighbours. All other parameters were kept as free parameters during the fitting. Due to the strongly overestimated dimer energy, it is crucial to make sure that the lower-coordinated structures are not also incorrectly favoured over the NaCl structure for FeO (wüstite). Calculating the energies of the hypothetical ZnS, wurtzite, CsCl, and NiAs structures for FeO revealed that all were around a minimum of 0.1 eV or higher in cohesive energy, correctly making wüstite the ground state of FeO. This was confirmed in an MD simulation, where crystallisation into the rocksalt structure was observed after slowly cooling a molten FeO system to below the melting point. The properties of magnetite (Fe 3 O 4 ) and hematite (Fe 2 O 3 ) are listed in table 1 to show that the ABOP predicts reasonable energetics for different iron oxide stoichiometries, but both structures are unstable in the ABOP and collapse into amorphous phases already at room temperature. The ABOP is therefore not suitable for simulations involving the magnetite or hematite phases. 
where E(A n B m ), E(A n B m ), E(A n+n B m+m ) are the potential energies of the systems containing the given clusters, and E 0 is the energy of the defect-free bulk. Positive binding energies correspond to an attraction between the defect clusters. The nearest interstitial (octahedral) neighbours of a vacancy in bcc iron, as well as nearest octahedral-octahedral neighbours are illustrated in figure 1 . Binding energy (eV) figure 5 , the binding energy for the most stable configuration is in perfect agreement with the DFT result. The other cases are within about 0.2 eV of the DFT values and follow a similar trend. Configuration three is overestimated by about 0.25 eV compared to the DFT value and, in contrast to DFT, more stable than configuration four. However, the differences in stability of the different defect configurations are small. The ABOP correctly predicts that the binding energy for the favoured case, configuration one, is at the same level (1.6 eV), or even slightly higher, than the binding energy of the most stable OV case (1NN).
Oxygen interstitials in vacancy-free α-Fe in the ABOP migrate between adjacent octahedral sites with a migration barrier of 0.55 eV, in agreement with DFT (0.48-0.60 eV [52, 7, 53] ). The above results show that the ABOP is also able to reproduce the effects of vacancies in the vicinity of oxygen interstitials. More specifically, that vacancies act as strong traps for migrating oxygen interstitials [52] . Most importantly, the ABOP reproduces the most stable oxygen-vacancy configurations (O 2 V and 1NN OV ) in excellent agreement with DFT. The overall good agreement for all considered defect structures provides confidence that the ABOP can also describe the correct clustering behaviour of larger oxygen-based defect structures in bcc iron.
3.2.2.
Oxygen adsorption on α-Fe surfaces Adsorption energies for oxygen atoms on bcc iron (100) and (110) surfaces were calculated with the ABOP and compared with published DFT results. The common adsorption sites on (100) and (110) bcc surfaces are illustrated in figure 6 . The adsorption energy is defined as
where E s+a is the total energy of the surface slab with the adsorbate, E s is the energy of the clean surface slab, and E 0 the energy of the isolated adsorbate in its ground state (an O 2 molecule with E coh = −2.583 eV/atom in the ABOP). A more negative adsorption energy represents a stronger adsorption. The surface slabs with and without adsorbates were constructed with the Fe lattice constant of the ABOP at 0 K and relaxed in a fixed box volume to retain the surface tension. Vacuum layers above the surfaces allowed the surface to relax in the surface normal direction, and the adsorbates to move in all dimensions. Table 4 shows the adsorption energies predicted by the ABOP and compared to values from DFT studies [8, 9, 10] . For the (100) surface, the adsorption energy of the favoured site (hollow) is in good agreement with the DFT literature. However, the differences to the less favoured bridge and on-top sites are slightly overestimated. This is also evident in the relaxed distances between the adsorbate and the top Fe layer, i.e. the hollow site is relaxed closer to the surface, and the bridge and on-top sites further away from the surface than in the DFT results, leading to less negative adsorption energies. For the (110) surface, the strongest adsorption sites according to the DFT data are the 3-fold-hollow and the long-bridge sites (although there seems to be some uncertainty in the literature regarding which site is favoured [58] ). In the ABOP, the oxygen atom relaxes towards the 3-foldhollow site in all cases. In the on-top case, the oxygen atom moves to a position between the original site and (almost to) the 3-fold-hollow site, with an adsorption energy even slightly lower than for the 3-fold-hollow site.
FeO properties
The melting point, surface energies of the (100) and (110) surfaces, and the phonon dispersion of FeO (wüstite) were calculated with the ABOP. The melting point was determined Table 4 . Adsorption energies and distances between the adsorbate and the top surface layer for oxygen atoms on the (100) and (110) α-Fe surfaces as calculated with the ABOP and compared with published DFT results. The adsorption sites are illustrated in figure 6 . Relaxes to a position between the T and 3FH sites (see figure 6 ) with E ad = −2.61 eV and d = 1.25Å (more stable than 3FH). by creating a solid-liquid interface and relaxing the system at different temperatures in N P T (P = 0) MD simulations. The melting point can be estimated as the temperature at which neither the solid or liquid phase grows. At T = 1350 K, the liquid phase is still quickly crystallising, while at T = 1450 K the liquid phase grows. At T = 1400 K, the phases are in equilibrium for up to 100 ps, after which the liquid phase starts slowly growing. The melting point can then be estimated to be 1400 ± 50 K, in reasonable agreement with the experimental value 1644 K [43] . It should be noted that the experimental values are for non-stoichiometric Fe 1−x O, and that the trend going towards stoichiometric FeO is a decrease in the melting temperature [43] . values 61 meV/Å 2 and 109 meV/Å 2 obtained in the DFT study by Liao and Carter [59] . Experimental data is not available. Figure 7 shows the phonon dispersion of FeO calculated with the ABOP and compared with experimental measurements and theoretical shellmodel calculations [60] . The acoustical branches are in good agreement with the experimental data. The ABOP also correctly reproduces the splitting of the acoustical branches between the X and Γ points seen in the shell-model calculations. However, the ABOP fails to reproduce the splitting of the longitudinal and transverse optical branches near the Γ-point (LO-TO splitting). This is expected, as the LO-TO splitting is attributed to long-range Coulombic interactions between ions in polar materials [61] , which are neglected in the ABOP formalism. The frequencies of the optical branches are also clearly underestimated. This is similar to previous observations in two other ABOPs for the oxides ZnO [14] and BeO [37] , and is likely also due to the lack of long-range interactions. [63] . Interfaces between bcc and NaCl structures are known to generally obey the Baker-Nutting relationship [62] ; (100) NaCl || (100) bcc , [011] NaCl || [001] bcc , i.e. an interface where (100) surfaces of the two structures are joined with one structure rotated 45
• around the interface normal relative to the other, as illustrated in figure 8 . For an Fe/FeO interface, this corresponds to a (100) α-Fe surface with the hollow sites (see figure 6 ) filled with oxygen atoms, and the bcc corner atoms (the √ 2a Fe diagonal) making up a side length of the first FeO unit cell, so that the interface Fe layer is shared between the two structures. This is in line with experimental and theoretical studies of the initial stages of oxidation of (100) Fe surfaces, where the hollow adsorption sites are filled and the first 1-2 monolayers of oxygen form an FeO-like thin film [58, 64] . Typically, the mismatch between the lattice parameters (i.e. √ 2a Fe − a FeO ) in a Baker-Nutting-type interface will result in regularly spaced misfit dislocations along the interface plane [65] .
We studied an Fe/FeO interface in MD simulations using the developed potential. The interface was Figure 9 . Cross sections of the initially spherical and the final polyhedral shape of a 3 nm FeO precipitate in α-Fe, as a result of annealing simulations. Red atoms are oxygen, yellow atoms iron. Note that part of the surrounding Fe bulk was cut out for better visualisation of the precipitate, and the size of the simulation system was much larger than that shown here.
constructed according to the Baker-Nutting relation. The size of the system was chosen as 15 conventional bcc Fe unit cells in each direction, joined along the xaxis with a rotated similarly sized FeO slab, 14 unit cells wide along the Fe yz diagonal and 7 unit cells thick. The choice of size corresponds to a one unit cell mismatch between the structures. The Fe structure was slightly stretched in y and z to match the lattice spacing of the FeO structure, resulting in a coherent interface apart from two misfit dislocations along the edges of the interface plane. Periodic boundary conditions were used in all dimensions. Following an energy and pressure minimisation, the system was annealed for 2 ns at two different temperatures (300 K and 900 K) and zero pressure, and subsequently cooled down to 10 K over 0.4 ns. The higher annealing temperature was chosen to be below the bcc−fcc phase transition temperature, predicted by the Fe ABOP at around 1030 K [12] .
At both temperatures, the interface retained a stable Baker-Nutting orientation throughout the simulations. At 300 K, the final relaxed interface remained in a configuration close to the initial unrelaxed interface. The initial strains in the yz plane at the interface, required for the structures to align, were evened out between the structures in the relaxed interface. The initially stretched Fe slab was slightly contracted and the FeO layers close to the interface compressed accordingly. The relaxed misfit dislocations along the edges in the yz plane, due to the lattice mismatch, induced a significant elastic strain field throughout the system. At 900 K, part of the oxygen atoms in the interface layer migrated one layer into the Fe slab, making the interface layers oxygendeficient and the interface and misfit dislocations less well-defined, but still oriented according the initial Baker-Nutting orientation. Crystalline fractions of the annealed FeO precipitates as a function of diameter. Each data point is the average of three simulations runs (except for the 4 nm precipitate, for which only one simulation was performed). The error bars are the standard deviations. The data is compared to the inner volume fraction of a sphere with an outer shell with a thickness of 2.5Å.
in proposed methods for producing ODS steels by dissolution of iron oxides with a steel matrix [66, 67] . Additionally, although the crystal structures of different oxide nanoparticles in ODS steels are still debated [4] , some oxide particles have been reported to have the cubic rocksalt structure [68] . As a model system, we therefore investigated the stability and shape of nano-sized FeO precipitates in the rocksalt structure, embedded in α-Fe, using the ABOP. Spherical FeO nanoclusters with diameters from 1 to 4 nm were embedded in a bulk of bcc Fe by cutting out a void of the given diameter, and inserting the slightly compressed and randomly rotated FeO cluster [69] . The surrounding Fe bulk was made large enough to ensure that the relaxed stress field induced by the FeO precipitate did not cause significant self-interaction effects across the periodic boundaries. The side length of the simulation system with the precipitate was 7.2 nm for the 1-2.4 nm precipitates, 11.6 nm for the 3 nm precipitate, and 14.4 nm for the 4 nm precipitate. After an initial energy minimisation, the systems were annealed at 900 K and zero pressure for 2 ns, and subsequently cooled down to room temperature over a period of 0.2 ns. Three separate cases with different random rotations were simulated for all sizes except the 4 nm precipitate, to study possible effects of the initial orientation of the precipitate. For the largest diameter (4 nm), only one case was simulated.
The initially spherical precipitates were seen to transform into a polyhedral shape during annealing for precipitate sizes 3 nm and below. The polyhedra retained the rocksalt structure in differently oriented grains, in a way that the majority of the FeO/Fe interfaces obeyed the Baker-Nutting relationship. All simulated 3 nm cases resulted in similar polyhedra. Cross sections of the initial and final shape of a 3 nm precipitate are shown in figure 9 . The 4 nm precipitate did not transform into a polyhedral shape, but retained its spherical shape throughout the annealing simulation. However, it is not clear whether the annealing time was too short for the transformation to take place, or if a critical size limit for the relative stability between the polyhedral and spherical FeO precipitates was reached. The formation of BakerNutting-type interfaces for FeO precipitates reaffirms the ABOP's ability to favour Baker-Nutting interfaces over other configurations, as is generally expected for interfaces between rocksalt and bcc structures [62] . Figure 10 shows the fractions of precipitate atoms in the crystalline rocksalt structure after the annealing simulations. Each data point is the average of the three simulation runs. The crystal structures were identified using ovito [70] . We compare the data to the inner volume fraction of a sphere with an outer shell with the thickness 2.5Å. This roughly corresponds to a perfectly crystalline precipitate with a 2.5Å interface layer of unidentifiable crystal structure, and is a good description of the 4 nm FeO precipitate (and presumably also larger precipitates), as seen in figure 10 . However, at diameters below 4 nm, the annealed precipitates are not spherical and the interface thickness is not uniform, due to the formation of coherent Baker-Nutting interfaces. Below 4 nm, the inner volume fraction curve therefore only serves as a guide for the expected maximum crystalline fraction. The 3 nm precipitates exceeds the expected perfect crystalline fraction, due to the coherent interfaces seen in figure 9 , and the majority of the non-crystalline atoms are along grain boundaries inside the FeO cluster. Figure 10 shows that the FeO precipitates never become fully amorphous. Even 1 nm precipitates (consisting of only 57 atoms) are partly crystalline and form small coherent Baker-Nutting interfaces. We note, however, that the majority of the simulated 1-2 nm precipitates do not form polyhedral clusters as symmetrical as the 3 nm case shown in figure 9 due to the smaller size, but are instead partly amorphous with crystalline Baker-Nutting interfaces only in some directions. The observation of nanoclusters embedded in a solid matrix becoming partly or fully amorphous is well in line with previous works [69, 71] . However, in contrast to cases with an amorphous matrix, in the current case the crystalline surrounding stabilises the nanocluster and prevents full amorphization. Our results suggest that the stability and formation of well-defined interfaces strongly affects the shape and crystallinity of oxide particles in iron.
Conclusions
We have parametrised an interatomic potential for Fe-O within the analytical bond-order formalism. The potential describes the energetics and geometries of oxygen interstitial atoms in α-Fe in good agreement with density functional theory. Furthermore, the potential correctly captures the strong trapping effect of oxygen interstitials by single vacancies in iron, and fairly accurately reproduces the binding energies of different oxygen-vacancy defect clusters in α-Fe. The potential is therefore suited for large-scale simulations of the mobility and clustering of oxygen in α-Fe. The basic properties of the wüstite iron oxide phase (FeO) are reproduced by the potential. We further tested the potential by calculating adsorption energies for oxygen atoms on the low-index α-Fe surfaces, as well as the melting point, surface energies, and the phonon dispersion of wüstite. The overall agreement with experimental and ab initio data for the tested properties is good.
We applied the potential in molecular dynamics simulations of the stability of the Fe/FeO interface, and found that the potential favours a Baker-Nutting-type interface structure, as is typical for interfaces between rocksalt and bcc crystals. Additionally, as a simplified model system of an ODS steel, we investigated the stability and shape of nano-sized FeO precipitates in α-Fe. Small spherical FeO precipitates transformed into polyhedral shapes during annealing, driven by the formation of stable Baker-Nutting-type interfaces between the FeO nanoparticle and the surrounding α-Fe bulk.
